Abstract The luminescence properties of highly strained, Sb-doped Ge/Si multi-layer heterostructures with incorporated Ge quantum dots (QDs) are studied. Calculations of the electronic band structure and luminescence measurements prove the existence of an electron miniband within the columns of the QDs. Miniband formation results in a conversion of the indirect to a quasi-direct excitons takes place. The optical transitions between electron states within the miniband and hole states within QDs are responsible for an intense luminescence in the 1.4-1.8 lm range, which is maintained up to room temperature. At 300 K, a light emitting diode based on such Ge/Si QD superlattices demonstrates an external quantum efficiency of 0.04% at a wavelength of 1.55 lm. 
Introduction
The development of efficient silicon-based light emitting devices is a challenging task in modern semiconductor physics and optoelectronics. Due to the indirect nature of the band gap, bulk silicon has a poor luminescence. One of the promising approaches to increase the luminescence efficiency from Si-based materials is to apply a concept of nanostructures based on Ge inclusions into a Si matrix. The development of epitaxial methods enabled the growth of ultra-thin Ge/ Si layer superlattices. Structures which are based on the Brillouin folding concept can result in a quasi-direct optical transitions near 1.55-lm wavelength [1] [2] [3] [4] . However, due to the small localization potential the photoluminescence (PL) from Ge/Si layer superlattices is observed only at low temperatures [3] [4] [5] [6] . The concept of a quantum-cascade Ge/Si-based laser has also been demonstrated. However, it emits only in the midinfrared region and shows electroluminescence at low temperatures [7] .
Several attempts have been made to obtain stronger localization and to achieve a room temperature luminescence at 1.55 lm (0.8 eV) in Ge quantum dots (QDs) embedded into a Si matrix. Although arrays of self-assembled Ge islands grown by the StranskiKrastanow mode on silicon have been studied quite intensively, just a few research teams have reported about PL [8, 9] and electroluminescence (EL) data [10] [11] [12] [13] . Probably, due to the low emission intensity, the internal quantum efficiency (QE) measured at room temperature for Ge/Si light emitting diode (LED) at 1.42 lm has been reported only in two studies with the following results: 5 · 10 -4 % [11] and 0.015% [13] . In one case [13] an external QE of 3.4 · 10 -4 % was measured for EL close to 1.5 lm. It should be mentioned that all publications mostly concentrate on QDs, i.e., on the hole subsystem. It is well known [14] that Ge/Si heterostructures have a type-II band alignment, in which both carriers have opposite locations in relation to the heterointerface: electrons in Si and holes in Ge. Due to the small overlap of electron and hole wavefunctions (not more than 15%) the oscillator strength of indirect excitons in Ge/Si heterostructure is quite low [15] . This is one of the key factors for the weak near-infrared luminescence of Ge/ Si heterostructures.
In this work a novel approach is presented, which overcomes the disadvantages mentioned above and allows to achieve efficient luminescence at room temperature from Ge/Si heterostructures. Special regimes of molecular beam epitaxy (MBE) with Sb doping enabled the growth of highly strained dislocation-free Ge/Si QD multilayer structures. Our samples consist of stacked QD arrays, in which the columns of Ge QDs are well correlated vertically. We characterize such structures as Ge/Si QD superlattices (QDSLs), because there exists a confinement of holes in the Ge QDs, as well as a confinement for electrons in the Si spacer layers. The electron states in the Si layers, which behave as real quantum wells (QWs), are characterized by activation energies in the range of 45-85 meV, i.e., are stable up to room temperature. The optimization of QD columns have provided conditions, which are favorable for vertical electron tunneling and for the formation of a conduction miniband. The different investigations presented in the following give strong indications that a conversion to quasi-direct excitons occurs. This conversion enables an external QE of 0.04% for 1.55-lm EL maximum at room temperature.
Experimental techniques
The Ge/Si structures are grown on Si(001) 5-inch substrates using the MBE setup Riber SIVA 45. Samples consist of an undoped Si buffer layer with 100-nm thickness, a Ge/Si multilayer structure and a 50-nm Si cap layer. The growth temperature is 600°C. The growth rates of Si and Ge are 1.0 and 0.2 Å s -1 , respectively. As the nominal thickness of the single Ge layers values between 0.7 nm and 0.9 nm are chosen. The MBE growth of the heterostructures is monitored in situ by reflection high-energy electron diffraction system (RHEED).
Due to the difference in the lattice parameters between the bulk of Ge and of Si (~4%) the initial stage of the Ge deposition is accompanied by the formation of nano-size islands known in the literature as Stranski-Krastanow QDs. The formation of Ge nanoisland in all layers of each sample is evident from RHEED by observing of the spot patterns. These measurements document the transition from the 2D growth mode of layers to the 3D growth of islands (QDs). The effective thickness of a Si spacer is varied in the range of 5.5-9.5 nm. A doping of the Si spacer layer by Sb is performed in the following way: a growth interruption after Ge QD formation is used. During the growth interruption the Ge QD array is exposed to the Sb flux. A Sb deposition rate was 2 · 10 -4 nm s -1 . The time of the exposition is tuned between 0 s and 40 s. After exposition the first part of the Si spacer layer (2 nm) is also doped by Sb, whereas the remaining part of the spacer layer is kept undoped. Sb concentration profiling in QDSLs is carried out by secondary ion mass spectroscopy (SIMS) using a Cameca setup. In order to optimize the structure for getting the most effective luminescence at 1.55 lm the Ge and Si thickness as well as the time of Sb exposition have to be optimized [16] .
Two types of boron-doped Si substrates are used: p-type (q~5 W cm) for PL investigations and p + -type (q~0.015 W cm) for EL measurements and LED fabrication. The capping layer in PL-structures is undoped, in LED-structures it is doped with Sb. SIMS data for optimized QDSLs show that due to diffusion of Sb atoms to the growth surface, both structures have an increased Sb concentration in the cap layer: 2 · 10 17 cm -3 for PL-and 2 · 10 18 cm -3 for LEDstructures (Fig. 1c) . Thus we deal with QDSLs embedded into a p-n junction (PL-structures) and into a p + -n + junction (LED-structures). Ohmic contact to the cap layer is formed using Al/Au deposited by magnetron sputtering. Indium is used to form the backside metal contact. The LED is glued onto a copper heat-sink and the top contacts are bonded with gold wires using a standard thermo-compression bonding.
The structure of the grown samples is investigated by transmission electron microscopy (TEM) and selected area electron diffractometry using JEM 4010 and CM 20 microscopes operating at acceleration voltages 400 kV and 200 kV, respectively. The Ge concentration profile is determined by applying an image analyzing technique of bright-field cross-section TEM micrographs recorded on slow scan chargecoupled-device (CCD) camera to keep the linearity between electron intensity and contrast.
Raman spectra are recorded in backscattering geometry at ambient temperature. The Raman scattered light is collected by a microscope and subsequently analyzed by a Dilor X-Y triple spectrometer equipped with a liquid nitrogen-cooled Si CCD camera. The 488-nm line of an Ar + laser is used for excitation with a typical power below 1 mW. The spectra are taken for incident and scattering light polarized both parallel or perpendicular to each other. The excitation laser spot has a diameter of 1 lm. The spectral resolution is 0.5 cm -1 . Steady-state (cw) PL measurements are carried out in a standard lock-in configuration. The PL spectra are excited by the 488-nm line of an Ar + laser. The laser spot on the sample has a diameter of 1.5 mm. For studying the PL intensity versus excitation power density the laser beam is focused down to a 100-lm diameter and adjusted by neutral filters. For low-temperature PL measurements the samples are cooled in a continuous-flow He cryostat. The PL signal is collected by a mirror optics and dispersed by a single 0.5-m grating monochromator coupled with a liquid nitrogencooled Ge detector (Edinburgh Instruments) having the photoelectric threshold at 1.7 lm (0.73 eV). In order to register luminescence at longer wavelengths the monochromator exit is equipped with a liquid nitrogen-cooled InGaAs photodiode G7754-01 (Hamamatsu) having a cut-off wavelength of 2.4 lm (0.5 eV). PL spectra are always normalized to the spectral photodetector sensitivity. EL spectra are obtained for in-plane and edge-emitting geometries in the constant current mode using the same setup. The diode chip is mounted on a water-cooled pedestal in order to prevent EL degradation by heating of the active zone during electrical excitation.
EL spectra, current-voltage characteristics and photo-voltage saturation measurements are performed using a Keithley 2400 source measure unit. All temperature-dependent PL measurements are carried out in the short-circuit regime of the p-n junction.
Time-resolved PL (TRPL) measurements are performed in a He-closed-cycle cryostat at 15 K. The excitation wavelength is 395 nm, the pulse width is 1 ps, and the repetition rate is 1 kHz. These excitation pulses are generated by a system consisting of a Spectra Physics Tsunami seed laser (mode locked Ti-Sapphire, 82 MHz, 100 fs) followed by a Spectra Physics Spitfire regenerative amplifier (Ti-Sapphire). An optical BBO crystal is used for the second harmonic generation. The laser beam is focused onto the sample down to a 100-lm diameter. The resulting PL is dispersed by a 0.25-m grating monochromator and detected by a Judson Technologies J16D-M204 Ge detector having a cut-off wavelength of 1.6 lm. The signal is analyzed by a digital oscilloscope Agilent Infinium 54833A. The temporal resolution of the total system is limited to~10 ns by the response time of the detector-preamplifier (Femto HCA-100) combination. Neutral density filters are used for adjusting the excitation power density.
In order to determine the external efficiency of EL from Ge/Si QDSLs at 1.55 lm, we developed an absolute calibration method based on the steady-state PL setup. An integrating 115-mm diameter sphere is used. The diode is mounted on the entrance port. The exit port has a detachable opal-glass diffuser and is always positioned in the monochromator focal plane. Before these measurements a calibration of photodetector spectral sensitivity is performed using the blackbody simulator. Subsequently a power normalization of the photodetector is carried out using the 1.55-lm line from a calibrated laser diode (0.9 mW). Experimental data and interpretation Structural properties of Ge/Si QDSL Cross-section TEM images of undoped and Sb-doped multilayer structures are compared in Fig. 1a ,b. The undoped structure (Fig. 1a) shows smeared heterointerfaces and a relatively flat upper surface. The lateral size of the Ge islands increases with the layer number from bottom to the top. The Sb-doped structure (Fig. 1b) is characterized by sharp heterointerfaces and a highly corrugated upper surface. The lateral size of the Ge clusters is nearly the same for the top and bottom layers. No misfit dislocations are observed in the samples. A plan-view TEM image of the Sb-doped 20-layer Ge/Si structure is shown in Fig. 2 . The Ge clusters look like squares with the edges oriented along AE100ae crystallographic directions and are assembled into a kind of square lattice. The average base size of the squares is 60 · 60 nm 2 . The array surface density is 1.1 · 10 10 cm -2 . The array is characterized by high uniformity of the Ge cluster sizes. It should be mentioned that every surface cluster is related to a single Ge/Si column.
A cross-section TEM image of a Ge/Si multilayer column is shown in detail in Fig. 3 (left) . Lens-shaped vertically correlated Ge clusters separated by Si spacers are seen. The column is characterized by a high uniformity of the lateral sizes (55 nm ± 5%). It was established that the height of the clusters in the column has a 10% deviation from the average value (B = 4.5 nm). We will follow the traditional name of these clusters as quantum dots taking into account that the quantum confinement of the carriers is valid in the growth direction while in-plane direction only the carrier localization takes place. The Si spacer thickness in the column (W) has a still smaller deviation (±5%).
The Ge content distribution across the QDSL in the growth direction is demonstrated in Fig. 3 (right) . Ge/ Si interfaces are rather sharp. Very little intermixing has taken place and the Ge content in the QDs is x = 0.8 (±10%), and in the Si spacer layers it is x = 0.1 (±10%). It should be pointed out that all TEM images show a thin Ge wetting layer (WL), which is typical for the QD arrays grown by the Stranski-Krastanow mode. TEM data show that the Sb-doped structures under investigation are mostly defect-free. Figure 4 shows Raman scattering spectra for the Sb-doped Ge/Si QDSL with B = 3.6 nm measured in two different configurations. The quasi-periodical structure in the 20-200 cm -1 spectral range, see Fig. 4 (bottom), is attributed to folded longitudinal acoustic (FLA) phonons, which have already been reported for Ge/Si QDSLs in Ref. [17] . According to the selection rules [18] , our geometry, namely zðx 0 y 0 Þ z, is not Raman-active for FLA phonons in flat Ge/Si layers. Their presence in layers with QDs, however, is explained by symmetry lowering [19] . The high structural quality of the studied QDSLs, in particular the presence of sharp Ge/Si interfaces, is confirmed by the observation of 20 FLA modes. Their intensity distribution appears to be non-monotonous. The observed beats at 7-9 meV and 14 meV are tentatively explained by electron-phonon interaction in the QDSL. Raman spectra in the 200-500 cm -1 spectral range, see Fig. 4 (top) , are recorded in zðxyÞ z geometry. According to the selection rules for this geometry all features are assigned to longitudinal optical (LO) phonon modes: Ge-Ge, Ge-Si, (Si-Si) loc , and Si-Si. The frequency of the Ge-Ge mode (297.5 cm -1 ) is below the typical Ge bulk value (301 cm -1 ) [20] . This shift of the Ge-Ge LO mode in the QDSL is likely to be caused by phonon confinement [21] . It should be noted that in those structures with the thicker Ge QDs, e.g., B = 5.8 nm, the Ge-Ge mode frequency agrees well with the bulk value.
The Ge/Si interface mode at 415 cm -1 has an amplitude comparable to that of the Ge-Ge LO-mode. The additional features (Si-Si) loc at 435, 450 and 465 cm -1 are attributed to local vibrations (Si-Si) loc under the influence of Ge-atoms in their vicinity [22] . These features reflect the presence of a near-range order at the interfaces between the Ge QDs and the adjoining Si layers. Thus, the Raman spectra indicate an ordered surface of the Ge/Si interfaces in Sb-doped QDSLs. This does not contradict the observed sharpness, since this order is still on atomic-scale dimension. Raman spectra of undoped Ge/Si QDSL look quite different: the FLA and Si-Si local modes are absent, and the Ge/Si interface mode is always weaker than the Ge-Ge mode.
Luminescence properties and initial electronic structure
The influence of Sb doping on the PL spectrum of Ge/ Si QDSLs at room temperature is demonstrated in respectively. It should be noted that dislocation PL lines D3 and D4 could be found in the same spectral region [23, 24] . In our case, however, the WL NP and WL TO bands cannot be associated with a D3 and D4 dislocation PL. We have not observed D3 and D4 lines even for specially dislocated structures [25] . Besides, the spectral positions of WL NP and WL TO bands change depending on the WL thickness, namely in a structure with a thicker Ge layer both WL bands are shifted in the low-energy direction.
The broad QDSL band in the low-energy part of the PL spectrum is attributed to the optical transitions in the Ge/Si columns between holes, localized in the QDs, and electrons, tied to the interface by Coulomb interaction [8, 9, [26] [27] [28] [29] [30] [31] [32] . At temperatures T £ 10 K the fine periodic structure of the QDSL band is distinctly observed. The deconvolution into ten Lorentzians is the best fit of the observed multi-modal structure [-5 ;+5] (Fig. 7a) . The average distance between neighboring maxima is d m = 10 meV. The full width at half maximum of the component is FWHM = 15 meV. The QDSL embedded into a p + -n + junction has the structure of the QDSL PL band too (Fig. 7b ), but the number of components is only 5 [-3;+2], the distance d m is larger (about 20 meV) and the FWHM is 30 meV. On the other hand, this multi-modal structure was kept in the PL spectrum of a LED up to 150 K.
The temperature dependence of the QDSL PL peak energy (E m ) for a p + -(i)-n + -structure is more informative and is shown in detail in Fig. 8 . A pronounced red shift of E m occurs at lower temperatures than the corresponding band gap narrowing of bulk GeSi. The deviation starts as early as at 20 K, reaches a maximum in the range 150-200 K and disappears at 300 K. The pronounced red shift of the PL peak is typical for In(Ga)As/GaAs QDs, but not earlier than at 100 K. It has been attributed to carrier redistribution between small and large QDs [33] [34] [35] . In our system, the early red shift is caused by other mechanisms which will be discussed on the basis of an energy band model below.
The temperature dependence of the QDSL integrated intensity (J) is presented in Fig. 9 for both types of structures. For an analysis, an energy E A for thermal-activated electrons leaving the states contributing to PL is introduced. The activation energy E A was calculated from an Arrhenius plot. We used extended Arrhenius analysis. Beside the main 
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Fig. 7 QDSL PL band measured at 5 K and an excitation density of 6 W cm -2 for two Ge/Si QD structures: (a) grown on p-type substrate (see Fig. 6 ) and (b) on p + -type substrate. Deconvolution into Lorentzians is also given Fig. 8 Temperature dependence of the QDSL PL peak energy E m . Excitation power density amounts to 6 W cm -2 . The dashed line shows the temperature dependence of the bulk Ge 0.8 Si 0.2 band gap. Composition x = 0.8 is equivalent to the Ge content in QDs. The QDSL is grown on p + -type substrate Fig. 9 Temperature dependence of the QDSL PL integrated intensity for two structures. Filled circles-QDSL on the p-type substrate. Open circles-QDSL on the p + -type substrate. PL excitation density-6 W cm -2 . Solid lines-fit using formula (1). Activation energies E A deduced from the fit are also shown quenching mechanism of PL with E A , we took into account an additional competing transition with E A2 . Experimental points were fitted using the following expression:
where J(0)-maximal PL intensity; A 1 , A 2 -fitting parameters; k-Boltzmann's constant. The values of the main activation energy E A for the two samples are shown in Fig. 9 .
The Arrhenius analysis was applied to obtain the activation energy for a set of structures having different values of the QD height B and the spacer thickness W. Figure 10 shows that the activation energy in QDSLs does not depend on the QD size B (Fig. 10c) , but on the spacer thickness W (Fig. 10d) . This means that the Si spacer in the column acts as a real QW with a discrete level for electrons (Fig. 11) . In fact, the main activation energy E A is the barrier height for electrons on this level, and it is determined as the difference between the QW depth (conduction band offset U e ) and confinement energy of electron ground state E e . As W increases (3.0-6.6 nm), the electron 1e-level goes down, and main activation energy increases (45-85 meV). The competing activation energy E A2 has been kept between 6 and 10 meV. If parameter A 2 is positive, the second term is responsible for the early but slow temperature quenching of the QDSL PL, for example, at relatively low excitation of QDSLs embedded into a p-n junction. In case of a negative parameter A 2 the second term in (1) is responsible for the temperatureinduced enhancement of the QDSL PL, for example, at relatively low excitation of QDSLs embedded into a p + -n + junction. The PL intensity increase in a certain temperature interval is typical for the majority of QDSLs. Figure 9 shows how the QDSL band intensity grows in the range of 5-20 K for the p-(QDSL)-nstructure and in the range 5-200 K for the p + -(QDSL)-n + -structure. The upper part of Fig. 10 presents the QDSL peak position E m as a function of QD height B and spacer thickness W for a set of structures investigated. It should be noted that E m in the PL spectrum obviously does not depend on the Si spacer thickness W in the column (Fig. 10b) , but on the Ge QD height B (Fig. 10a) . Specifically, as B increases, the QDSL band has a lower energy position. This phenomenon is in full agreement with the assumption that in the Ge/Si heterostructures the radiative recombination energy of the electron-hole pair mostly depends on the heavy-hole level in the deep QW of the Ge layer [36] . As the Ge QD size increases, the hole confinement energy E hh decreases, which results in a lower transition energy E m .
The energy band line-up shown in Fig. 11 can be considered as the initial approximation for the studied Ge/Si QDSLs. Potential wells are formed for the holes in the Ge QDs as well as for the electrons in the Si spacer layers. The Ge QW for holes is characterized by a depth of up to several hundreds of meV and thus the thermal redistribution of holes is negligible for the Ge/Si structures. It is evident that the rapid red shift of the QDSL peak with temperature ( Fig. 8) is explained by the processes in the electron subsystem. The localization of electrons in the Ge/Si interface is mainly determined by the Coulomb interaction, i.e., by the indirect exciton binding energy, which is constant and equals 25 meV [36] . The latter value is close to kT at room temperature, making an observation of the QDSL band at room temperature quite difficult [8] [9] [10] [11] [12] [13] 26] . In our highly strained Sb-doped QDSLs the potential well for electrons is deeper due to the tensile strain-induced lowering of the conduction band. This leads to higher activation energies for electrons (45-85 meV) . This fact, however, cannot be the reason for the observed red shift of the QDSL PL peak either. Available experimental data on the activation energy for the QD PL band in Ge/Si structures are very controversial and scattered between 15 meV and 183 meV [9, 12, 26, 37] . It is noteworthy that only values between 21 meV and 46 meV are attributed to the electron subsystem in Ref. [12] . All other reported values are interpreted as the hole escaping from the Ge QDs into the WL or barrier lowered by intermixing. Close to 1.55 lm the well-known D1 PL line can also be found, and this line is attributed to dislocations in Si and has an activation energy of 170 meV [38, 39] . It should be noted that our QDSL-related PL band has nothing in common with the D1 line (except the spectral position) [40] . The QDSL PL peak position could be controlled by choosing the growth parameters, which can change the Ge QD sizes. Figure 12 presents the PL and the EL spectra of the Ge/Si QDSLs, which were produced by combining different parameters. The QDSL PL peak dominates at room temperature. Its integrated intensity exceed the Si TO fundamental emission by a factor of 10 to 10 3 . The experimentally obtained positions of the QDSL maxima are denoted by circles. They correspond to the spectral region of 1.4 lm (0.89 eV) to 1.8 lm (0.69 eV).
The LED-structures have a p + -type substrate and a Sb concentration profile shown in Fig. 1c . In fact, during the carrier injection the Ge/Si QDSL having 20 periods acts as the active zone. The EL spectra for different current densities at room temperature (300 K) are presented in Fig. 13 . The current-voltage characteristics of LEDs (the left inset of Fig. 13) demonstrates the high quality p + -n + junction with a low dark current. At an increase of the current density (j) the integrated EL intensity (J) grows superlinearly. The right inset of Fig. 13 presents this dependence (J = j m ) in a double logarithmic plot. In the range of current densities j = (0.9-1.8) A cm -2 a factor m = 4.8 is derived, at which the EL spectra in Fig. 13 are measured. For optical pumping the value of m-factor does not exceed 1.65 at room temperature [41, 42] . We have reported [43] such unusually large m-factor for Ge/Si QDSL EL. It has the same nature as the anomalous temperature dependence in Figs. 8, 9 and will be discussed below after consideration of the energy band model of QDSL. Concerning all available publications, only in Ref. [13] the J(j)-dependence in Ge/Si QD multilayer structures at 300 K was measured. At j < 20 A cm -2 the dependence was also found to be superlinear with a factor of 1.3. The authors of Ref. [10] measured the EL signal from Ge/Si QD array up to 290 K. It is noteworthy, that the QDSL EL intensity was maximal at 225 K.
Our result (m = 4.8) demonstrates a high efficiency for an electrical pumping of Ge/Si QDSLs [43] . The external QE of the EL was measured for the QDSL band with a maximum at 1.55 lm. At a current density of 2 A cm -2 , the external efficiency was g = 4 · 10 -4 . To the knowledge of the authors this achieved value is the highest for Ge/Si structures in this spectral region at ambient temperature. This value is higher than the external efficiency reported for the QD-based Ge/Si LEDs (g = 10 -6 for k = 1.4 lm, Ref. [44] ). In Ref. [11] , the same authors report the following values of internal QE in the Ge QD-based structures: 10 -5 for the ten-layer structure and 5 · 10 -6 (k = 1.42 lm) for the one-layer QD array. Normally, the efficiency of LEDs based on band-to-band luminescence in bulk silicon (k = 1.12 lm) is 10 -4 -10 -5 [45] . The LEDs based on dislocation-rich silicon are characterized by an external QE of 10 -6 (k = 1.6 lm) [46] . Only a special surface treatment of the highly purified silicon wafer allowed to reach g = (1-2) · 10 -3 for the dislocation luminescence [47] .
Effect of Sb doping
The unusually high localization potential for electrons in QDSLs (up to 85 meV) is related to the extremely strained Ge/Si columns. It is known [48] that Sb is a perfect surfactant for the growth of the Ge/Si heterostructures. The Sb predeposition leads to a decrease of the Si adatom migration. In this way Sb blocks possible channels of elastic strain relaxation in the Si spacer layers, namely it suppresses intermixing and prevents the nucleation of dislocations. The accumulation of tensile strain in the Si layers and a compressive strain in the Ge QDs leads to an increase of U e , i.e., to the deepening of the electron QW. Values of the activation energy become 2-3 times larger than the thermal energy at room temperature (kT~25 meV) and account for its dependence on thickness W of the Si spacer (Fig. 10) . In Ref. [49, 50] it was possible to get room temperature luminescence from Ge/Si strained layer superlattices probably due to the Sb predeposition during the MBE growth. In Ref.
[51] the postgrowth Sb modulation doping of the Ge/Si superlattice resulted in a electron mobility enhancement at room temperature. Electron localization with a band offset of U e ‡ 100 meV was also reported in Ref. [9] for undoped Ge/Si nanostructures.
Our undoped Ge/Si multilayer structures have less sharp interfaces (Fig. 1a in comparison to Fig. 1b) and are characterized by a poor near-infrared PL (Fig. 5) . The same result was produced by a number of special methods directed towards the improvement of intermixing (smearing of interfaces): an increase of the growth temperature, a decrease of the growth rate [25] and a post-growth annealing [52] .
Below we will provide a qualitative analysis of the Si QW profile in Sb-doped QDSLs. It is evident that due to the well-defined interfaces the QW energy walls are practically vertical. The QW energy bottom is likely to be non-symmetrical, because the tensile strain in the Si spacer is distributed inhomogenously. Following the scheme for a single Ge QD in a Si matrix [36] , a higher tensile strain exists in the vicinity of the QD apex than near the base. It is probable that the Si spacer thickness strongly influences the Si QW bottom profile in our QDSLs. However, the main activation energy E A is primarily determined by the QW depth. The competing activation energy (E A2 = 6-10 meV, A 2 > 0) depends on the QW bottom profile. The authors of Ref. [12] found E A2 = (5-6) meV in the undoped structures and attributed this energy to the electron transitions between D 2 valleys in the inhomogenously strained Si spacer. It is known [53] that the tensile strain results in a splitting of the six-fold degenerated D valleys into the four-fold degenerated D 4 and two-fold degenerated D 2 valleys. The latter forms the absolute minimum of conduction band in the momentum space. Due to the asymmetric strain profile in the Si spacer the D 2 valley near the QD apex is shifted lower than D 2 near the QD base. Further, we assume that in our thin-spacer QDSLs the slope of the QW bottom can still be steep enough to cause the splitting of the two-fold degenerated electron level in the Si QW. Due to the entanglement of states only the lower-split 1e-state is active in the PL. Thermalization of electrons from the 1e-state into the ''dark'' 2e-state can explain the appearance of a competing activation energy E A2 (A 2 > 0). We have found that the competing process disappears at a rise of the excitation level ( ‡ 12 W cm -2 ), i.e., after filling of the 2e-state. The Sb doping parameters are optimized by applying of SIMS, TEM and PL. The highest intensity of the QDSL PL band is reached at a medium level of doping in the active zone for n~5 · 10 16 cm -3 ( Fig. 1 ) [54] . This concentration corresponds to a Sb exposition of 20 s (Fig. 5) . For this value of n the sharp interfaces and high strains in QD columns are observed. A further increase of the doping level results in PL degradation. In Ref. [42] we showed that at a high Sb concentration the segregation takes place and amorphous clusters appear in the Si spacer layers. We do not assume that the clusters themselves and/or their surfaces are the effective channels of the non-radiative recombination. But they are the agents of stress relaxation in the columns. And this is detrimental for the depth U e of the Si QWs. For a small Si QW area (ò E(z)dz = U e · W) the 1e-state is pushed into the continuum.
Besides the nano-scale impact on the Si QWs, the Sb doping also results in a micro-scale transformation of energy line-up in the whole Ge/Si structure, it actually brings the cap layer to n-type, and QDSL (with buffer) becomes an i-region inside the p-n-or p + -n + junction (Fig. 1) . We have measured a built-in band bending (F) by photo-voltage saturation at 5 K and room temperature. F values, as well as built-in electric field strength (F) and the voltage drop per period of QDSL (U C ), which are calculated from these measured values, are presented in Table 1 for two samples, the PL temperature dependencies of which are shown in Figs. 8, 9. The decrease of built-in voltage with temperature growth is probably related to an increase of the free carrier concentration due to the thermoionization of shallow impurities in the Si cap (donor Sb-43 meV) and in the Si substrate (acceptor B-45 meV). Thus, Sb doping stimulates a temperature dependence of the built-in field.
The observation of the QDSL fine structure in lowtemperature PL spectra (Fig. 6 ) became possible also due to the impact of Sb. It was shown [48, 55] that the Sb surfactant homogenized the QD size and shape. A Sbdoped InAs/GaAs structure with QDs [56] , which were monolayer-stepwise different in the height, had a similar shape of the PL band. In case of Ge/Si QDSLs we also found a very narrow QD height distribution in each Ge layer and each Ge/Si column (FWHM = 15 meV). But this does not explain the temperature sensitivity of the fine structure. Its temperature-induced disappearance is explained below after consideration of the Ge/Si QDSL energy band model.
Miniband model for the Ge/Si QDSL

PL excitation power dependence
Following the scheme for a single Ge QD in a Si matrix [36] , the first spatially indirect exciton should be localized in the vicinity of the QD apex, i.e., in the region of maximum inhomogeneous strain. If the number of free carriers is sufficiently large, a second exciton can be formed on the opposite heterointerface, near the QD base. Due to the asymmetric strain profile this second local minimum for electrons is shallower than the first one. This difference results in the 20-meV blue shift of the exciton emission maximum [36] . In our case the QDSL blue shift (DE m ) is caused by increasing the optical pumping up to 6 W cm -2 only amounts to 4 meV and at 12 W cm -2 DE m = 7 meV (Fig. 14) . We have established that at 6-W cm -2 excitation the 1e-state is already occupied, and up to 12 W cm -2 the 2e-state is filled up. In this way, such very small E m shifts confirm (i) the identity of QWs and (ii) the similarity (resonance) of E e energies at the opposite sides of a Ge QD, as shown in Fig. 11 .
It is well known [57] [58] [59] that resonant tunnel coupling the identical QWs separated by potential barriers can form an energetic miniband from the separate levels. The QW wavefunctions in a miniband are delocalized and shared by the whole structure (superlattice). The miniband transport mode in the superlattices was first investigated by Esaki and Tsu [60] . Theoretical studies [61] [62] [63] and experimental observations of resonant tunneling [64, 65] gave an impetus for a whole series of investigations of III-V-layer-based superlattices. Experimentally the miniband formation was found in type-I structures with III-V-based QDs by PL spectroscopy [66] [67] [68] [69] [70] and by photoconductivity [71] . The authors of Ref. [72] performed the calculations for type-II Ge QDbased Ge/Si structures and showed that a hole miniband could be established. Measurements of the Hall mobility [73] confirm that the carrier transport in Ge/Si QDSLs is likely to have a miniband conduction type. An important feature of the miniband formation in type-II heterostructures is the conversion to spatially quasi-direct excitons. We attribute the high efficiency of luminescence in our Ge/Si QDSLs to this phenomenon, as will be discussed in the following.
Miniband calculation
In order to calculate the energetic structure of QDSL we used a modified Kronig-Penney approach (KPA). Primitive KPA is limited to the infinite superlattice and to the same effective mass m* for the QW as well as for the barrier. Nevertheless, the KPA is the most widely used instrument for energy calculations in periodic structures. It was demonstrated that the KPA gives reliable results for III-V-based superlattices [74] [75] [76] . Calculations performed by the authors of Ref. [72] for the Ge/Si system took into account the different longitudinal bulk effective masses in the QW and in the barrier. It is known [57] that a correct choice of the effective mass in KPA requires the accounting of non-parabolicity of energy versus wave vector E(q). For the Ge/Si system the choice of a proper m* for electrons is complicated by the following: the absolute minima of the conduction bands in the QW (Si) and in the barrier (Ge) are not only located at different q, but also in different crystallographic directions. An extremely small effective mass of the exciton for QDSLs has been predicted in Ref. [77] . We have used the results of calculations [72] with effective masses of the state density in the conduction band of Si and Ge.
where m W * refer to an electron effective mass in Si QW (0.32 m 0 ); m B * to the electron effective mass in the Ge barrier (0.22 m 0 ).
Iterations applying (2) were performed to fit calculated values of (U e -E) to the experimental data of the electron activation energy E A (Fig. 10) . Simultaneously the electron confinement energy E e and Si QW depth U e were also calculated. For different structures E e values ranged between 30 meV and 60 meV. The Si QW depth U e for all QDSLs was assumed 110 (±5%) meV. As the result of this simulations, an energy spectrum of electrons in QDSL represented a miniband, formed by the ground electron state (1e). The calculated width of the electron miniband D MB as the function of the period C for the studied Ge/Si QDSLs is presented in Fig. 15 . The miniband width varies from 3 to 34 meV. This qualitatively reflects a relation with the effective mass in the miniband: m MB *~D MB -1 · C -2 [59] . In the calculations of D MB we assumed that the maximum of electron state density in the miniband was located in its bottom quarter (low temperatures).
Calculations also show that in the studied QDSLs having a QD array density of 1.1 · 10 10 cm -2 the electron miniband is not formed for the layer plane directions (D MB < 0.1 meV). The same calculation for the hole subsystem has proved that the QW depth for holes in Ge amounts to 440 meV (±5%). Nevertheless, the miniband width for the hole ground state does not exceed 1 meV.
We performed also the calculation of the QDSL energy spectrum using the solution of the Schrö dinger's equation by the transfer matrix method [78] . Taking into account the thickness fluctuations of the layers in the QD column and the exciton-phonon interaction it was determined that electron states form the miniband. Its width lies between 15 meV and 65 meV at 300 K. The wavefunctions of the holes remain localized in the QDs. Calculations [78] provide a new indicator of miniband existence in Ge/Si QDSLs. Specifically, the squared integral of the electron and hole wavefunction overlap is described by a quadratic dependence on the number of periods.
PL dependence on the number of periods
The measured integrated intensity J of the QDSL band in dependence on the number N of the Ge layers (Fig. 16 ) follows a quadratic dependence J~N 2 rather than a linear additive rule J~N. This quadratic dependence was predicted by our calculations [78] . The superlinear behavior indicates the presence of a new recombination mechanism in the studied superlattices. We believe that it is a more efficient type-I recombination, which is provided by the electron miniband in the Ge/Si QDSLs. In other words, the recombination of electron and hole takes place within the same nanocluster. For a sufficient concentration of nonequilibrium carriers this results in the observed dependence J~N 2 . What benefit for the PL intensity can be expected from the conversion to the type-I recombination? In the type-I InAs/GaAs structure the electron and the hole are in the same QD, and the overlap of their wavefunctions reaches 80% (direct exciton) [79] . In the Ge/Si structure this value for the electron in Si and for the hole in Ge does not reach 15% (indirect exciton) [15] . Therefore, the exciton oscillator strength due to the miniband should be more than one order larger than without miniband. We have obtained a ratio J/J 1 = 10 for the periods number of N = 10 and J/ J 1 = 12 for N = 20, where J corresponds to the measured integrated intensity of the QDSL band, J 1 -QDSL intensity, extrapolated for the linear dependence on N (Fig. 16) . Thus the recombination transition becomes quasi-direct in real space, but probably remains indirect in the momentum (q) space. Though for the strongly localized holes the relaxation of q-conservation and, consequently, non-phonon recombination can be expected. The attempts of an indirect-direct conversion in q-space in a Ge/Si structure have been taken for small Ge QDs [48] , for a thin Ge WLs [80] and for a thin Si spacers [9] . Unfortunately, a hybrid situation, in which the heavy holes are localized, but the electrons are not, can cause a reduced miniband transport.
Temporal profile of QDSL PL
If one presumes an indirect-direct conversion of the exciton in our Ge/Si QDSLs, an increase of oscillator strength and, consequently, a decrease of the exciton lifetime is expected. The typical PL decay time for conventional Ge/Si QD structures is in the range of 2-5 ls [25, 81] . In this case, the slow PL decay is due to the indirect character of transitions in real and momentum space. The elimination of at least the first factor could accelerate the transients by more than one order of magnitude. This expectation is based on the following data. The PL of InAs QDs in a Si matrix (type-II line-up, but q-direct exciton) is characterized by a decay time of about 440 ns [82] . The TRPL from InAs QDs in a GaAs matrix (type-I line-up and q-direct exciton), which we measured at the same wavelength (1.3 lm), exhibited a time constant of 2.5 ns [83] . Figure 17 presents the PL kinetics for a Ge/Si QDSL at 15 K. This temporal profile was measured for an excitation with a flux density of 5 · 10 10 photons pulse -1 cm -2 . For the QD array density of 1.1 · 10 10 cm -2 in the 20-layer structure it corresponds to an incomplete occupation of 1e-states in Si QWs (see region of u = 2.5 in Fig. 14) . The PL decay profile is well described by one exponent with a time constant t L = 95 ns ( Fig. 17) :
The factor of QD size dispersion s % 1, i.e., all nanoclusters giving a contribution into the QDSL PL band have similar sizes. Analysis of the full transient PL profile is based on a three-level system, which included both radiative recombination with decay time t L and carrier relaxation into the 1e-states with a PL rise time t R (fitted line in Fig. 17 ): . Squares-experimental data; solid line is a fit to the quadratic dependence on N; dotted line-linear dependence on N. Both curves converge for N = 1 Therefore, the observed decay time is assigned to the radiative lifetime of the excitons in the QDSL. This value is much smaller than the time relevant for type-II recombination, where the carriers are spatially separated. The 95-ns lifetime indicates the conversion to type-I recombination, which is likely to be caused by the creation of the electron miniband in the Ge/Si QDSL.
The short PL rise time of 15 ns (Fig. 17) is explained by the fast capture of carriers from the Si matrix into the miniband. The time constant of t R = 15 ns corresponds to the resonant tunneling time within the QDSL. The time constant of non-resonant tunneling between Ge/Si QWs is considerably longer (about 325 ns [84] ). The large difference between these time constants (more than one order of magnitude) has been observed in GaAs QWs [85] and CdTe QWs [86] .
At a higher excitation level, corresponding to the region with a factor u = 18 (Fig. 14) , the shape of the transient PL splits into two components-a fast one, not resolved in our experiment, and a following slower one with a decay time of a few ls. We suppose that the slow component is typical for the lifetime of a spatially indirect exciton in Ge/Si heterostructures. It means that a high excitation power leads to a collapse of the miniband and a recovery of the type-II recombination.
The fast component appears to be due to a high densities of non-equilibrium carriers and most likely originates from such relaxation processes as Auger recombination and exciton-exciton scattering. The latter factor restricts the coherence length of the excitons in the QDSL and makes the miniband unstable. The destruction of a miniband under high PL excitation densities by exciton-exciton scattering was observed in InGaAs/GaAs QDSLs by [70] .
Temperature and power dependence of miniband A description based on discrete levels in a Si QWs (Fig. 11) does not account for the following experimental findings: (i) multi-modal structure (Figs. 6, 7) , (ii) intensity rise (Fig. 9 ) and (iii) rapid red shift (Fig. 8) of QDSL PL as a function of temperature; (iv) superlinearity for the integrated intensity (Fig. 13) and (v) small blue shift (Fig. 14) of the QDSL band in the power dependence. However, these facts may be explained within the miniband model.
The electron subsystem of the studied Ge/Si QDSLs is made up from QWs with one confined state. The possible transport regimes of such a superlattice under applied field are a miniband (MB), a Wannier-Stark (WS) ladder, multi-QWs with spatially separated subbands and their crossovers. Four main energy parameters play a role for a realistic description: the miniband width (D MB ), the WS energy (eFC), the thermal energy (kT), and the structural and dynamic disorder broadening (d). For a given QDSL, the D MB is determined by the overlap of the wavefunctions of electrons in the adjacent identical QWs and the coherent length (L C ), in other words, by the probability of resonant tunneling. If the neighboring QWs are not identical and/or an electric field is applied the MB regime can be supported by temperature (kT) and dynamic broadening (scattering). Simultaneously, the scattering processes (phonon, interface roughness, exciton-exciton) shorten the coherence length in QDSL. Under an electric field with eFC ‡ d the miniband breaks up into a series of WS states (WS ladder). The localization degree of an electron in the WS state is determined also by the probability of tunneling through the barrier. Depending on this the electrons may be transported between WS states via hopping (moderate fields, d £ eFC < D MB ) or sequential nonresonant tunneling (high fields, eFC ‡ D MB ). In the last extreme case, the wavefunctions are strongly localized in separate QWs. Such structures behave like the uncoupled multi-QWs. At moderate fields the wavefunction of WS states can be well delocalized throughout several periods and can give the additional optical transitions [87] .
We believe that the multi-modal structure of the QDSL PL band reflects the presence of a WS ladder in the QDSL at low temperatures (Figs. 6, 7) . The interval between PL neighboring components (d m = 10 and 20 meV) correlates well with the voltage drop per period (Table 1) . The solid line shows a fit to the temporal evolution of PL, based on the three-level-system (3) U C = 10.2 and 19 meV, respectively. In Fig. 18c we present the sketched band line-up and optical transitions for a QDSL in the WS regime. In fact, the multimodal QDSL PL band reflects the distribution of squared wavefunctions in the WS states of the ladder. Thus the electron wavefunction is extended up to ten periods in p(i)n-structures, i.e., a coherence length L C % 70 nm. Due to the stronger built-in field (Table 1) only five components are distinguished in p + (i)n + -structure (L C % 43 nm). Two WS ladders with L C = 32.5 and 60 nm were observed by the authors of Refs. [87, 88] in GaAs/AlGaAs superlattices. The periodicity of optical oscillations with F -1 -dependence was predicted in Ref. [89] . Hopping conduction was identified in the plane of QD arrays at low temperature in Ref. [71] for InGaAs and in Refs. [90, 91] for Ge QDs.
From this point of view the disappearance of the multi-modal structure in the QDSL PL spectrum can only be the result of miniband formation in the column due to temperature-induced weakening of the built-in field ( Table 1 ). The miniband develops gradually from separate WS states, the electron wavefunctions extend throughout the QDSL (Fig. 18a) having an average thickness of 140-250 nm. The authors of Ref. [92] obtained a coherence length equal to 150 nm for a miniband in a 20-period GaAs/AlGaAs superlattice. The miniband formation in the p(i)n-structure occurs already at 10 K and in the p + (i)n + -structure above 150 K due to differences in the built-in field strength in these structures (Table 1) . The p(i)n-field at low temperatures (F % 14.6 kV cm -1 ) can be considered a miniband breaking field F = d/eC. In that case the broadening energy of the electron level in the Ge/Si QDSL at low temperature should be around 10 meV. It is evident that such noticeable broadening will effectively support the MB regime in QDSLs with narrow minibands and/or under strong electric fields, e.g., in p + (i)n + -structures. Acoustic-phonon scattering and scattering via interface roughness can give the disorder broadening d % 10 meV at low temperatures. A short scattering time t ¼ " h=d % 70 fs, as well as some modes in the Raman spectra (Fig. 4) are an indication of both processes in Sb-doped QDSLs. MB transport controlled acoustic-phonon scattering was found in Ref. [71] . The existence of true miniband conduction via interface roughness scattering was highlighted by the authors of Ref. [93] .
The miniband development in Ge/Si QDSLs results in spatially direct recombination. Due to indirectdirect conversion the QDSL PL intensity increases as a function of temperature (Fig. 9) . The maximum is reached at different temperature values depending on the original built-in field: 20 K for the p-(QDSL)-nstructure and 200 K for the p + -(QDSL)-n + . The magnitude of this effect excludes its explanation by the carrier transfer from WL to the Ge QDs [80] . A further intensity decrease is caused by the thermal activation of electrons from the miniband. A slope with activation energy E A1 appears in the Arrhenius plot. Such behavior was observed in all QDSLs embedded into p + -n + junctions. Typically, intensity increases by a factor of 3-4 in the range of 5-200 K. As a rule, the QDSL intensity at room temperature is higher than at low temperatures. For p(i)n-structures this ratio is always less than 1, namely from 0.1 to 0.01 depending on the value of E A1 . The authors of Ref. [93] observed miniband transport between~77 K and 400 K in GaAs/AlAs superlattices.
The miniband formation is accompanied also by the transformation of a random electron distribution on the WS levels in separate Si QWs to the Fermi-Dirac distribution within a miniband. The maximum of electron state density shifts towards the miniband Fig. 18 Scheme of band edge profile of Ge/Si QDSL in different regimes: (a) miniband (low electric field, L C % C · N-for not too low temperatures, low excitation densities); (b) multi-QW structure (low field, L C % C-high excitation level); (c) WS ladder (moderate field, L C % 5 · C-low temperature, low excitation level), squared wavefunctions and optical transitions [ -3 ;+2] are presented as well bottom and deviates from E GeSi (T) (Fig. 8) . Further evolution of E m (T) is related to the ''traffic'' of FermiDirac electron gas within the miniband, namely to its middle. E m (T) returns to E GeSi (T). A similar, unusually rapid temperature shift of the PL peak, was observed for a planar InAlAs QD array [69] below 105 K, and for stacked InAs QDs [68] below 250 K. The phenomenon has been attributed to the effective thermalization of carriers at strong coupling of InAs QDs and miniband formation.
The superlinear behavior of PL and EL intensity (Refs. [41, 42] and Fig. 13 ) has the same nature as the temperature dependence-the conversion to the MB regime due to straightening of a band bending. The lowering of the built-in electric field in EL measurements is achieved by a sequential growing of the forward bias. In PL intensity versus excitation power this is achieved by an increase of the non-equilibrium carrier concentration (open-circuit regime).
A typical sign of type-I band alignment and of spatial direct exciton is a small u-factor of the DE m (P)-dependence, which is caused by the well-known state filling effect. In contrast to this, a large blue shift is typical for a type-II structure, in which electrons and holes are spatially separated by the interface. A dipole layer is formed there due to the photo-excitation. A high Hartree potential of this layer raises the confinement energy of electrons and holes and causes a considerable blue shift in the PL spectrum [81, 94] . The value of that shift by one order exceeds the shift, caused by the state filling effect. Therefore, the DE m (P)-dependence can serve as an indicator of the band alignment type. The available data on Ge/Si QD structures deal with low temperatures (4.5-10 K) and quite different power ranges within 0.6-400 W cm -2 . For the sake of comparability we introduced the u-factor and reduced all data to it. For the type-II Ge/ Si heterostructures the values of u ranged from 13 to 22 [37, 80, 81, 94] . The II-I type conversion has been reported for the GeSi structures having strong intermixing in the annealed QDs [37] and in WL [80] with u % 1. Our QDSLs had u-factors less than 3 for low excitation densities (u = 2.5 for P £ 6 W cm -2 in Fig. 14) . This value agrees very well with type-I recombination. At higher powers the u-factor reached 20. In Fig. 14 the value u = 18 was observed for P ‡ 12 W cm -2 , where the filling of the 2e-states occurred. By TRPL measurements we showed that a high excitation power leads to the collapse of the miniband and the recovery of type-II recombination. At high density of non-equilibrium carriers the exciton-exciton scattering restricts the coherence length L C in QDSLs. If L C becomes extremely short (L C % W), the miniband and WS ladder break up into localized states of separate QWs. Sequential phonon-assisted tunneling in such decoupled multi-QWs becomes the dominant process (Fig. 18b) .
Arguments given above prove the presence of regimes typical for coupled superlattices (miniband and WS ladder) and uncoupled multi-QWs structures (sequential tunneling) in Ge/Si QDSLs. The crossovers between transport modes were investigated using two experimental dependencies of PL, namely the temperature influence between 5 K and 300 K at P = 6 W cm -2 in the short-circuit regime and the power density dependence between 0.2 and 250 W cm -2 at T = 15 K in the open-circuit regime. I.e., we actually have studied two cross-sections in the parametric space {T;P}. Both parameters (each in its own regime) induced the change of built-in electric field without external bias. It demonstrates that the Ge/Si QDSL is a promising system not only for Si-based optoelectronics, but also for other integrated optics.
Conclusions
Structural and luminescence properties of Sb-doped Ge/Si QDSLs grown by MBE were studied. Highly strained columns and sharp Ge/Si interfaces were found to form a large conduction band offset of 110 meV. The Si spacer QWs were found to have one single confined electron state only. Kronig-Penney calculations showed that an electron miniband is formed in the QDSLs rather than discrete electronic levels. The miniband width was found to be about 30 meV. The miniband formation leads to a conversion of the band-structure from indirect to quasidirect, i.e., towards type-I recombination. The proposed miniband model gives an adequate explanation of the experimental results, i.e., the high efficiency of photo-and electroluminescence (0.04%) in the 1.55-lm region at room temperature; the square dependence of PL intensity on the number of periods; the substantially decreased exciton lifetime of 95 ns; the temperature-induced growth of the PL intensity and the superlinear dependence of luminescence on excitation power.
